A previous study reported that urinary markers of protein intake are inversely related to blood pressure via unknown mechanisms. In man and rats, protein intake affects renal function and increases renal sodium excretion. The present study investigates the relation between markers of protein intake and blood pressure and the possible role of sodium in this relation. Blood pressure status, overnight urinary urea as index of protein intake, urinary and plasma sodium, and other variables were measured in a population sample of 3705 men and women, aged 25-74 years, without high plasma creatinine. Urinary urea was inversely related to blood pressure and hypertension: in multivariate analyses, 6.5 mmol/h higher urinary urea (about one s.d. in men and women) was related to 4.25 mm Hg lower systolic blood pressure (95% confidence interval = 1.34 -8.49), and to 0.65 lower risk of hypertension (95% CI 0.34 -
Introduction
It is now widely accepted that arterial blood pressure is influenced by diet. 1 With use of reported dietary intake, conflicting evidence was obtained on the relation of protein intake to blood pressure. An inverse relation was found in Japanese 2, 3 and Chinese men, 4 and in men from the US with one or more major risk factors for coronary heart disease. 5, 6 A direct relation or absence of significant relation were found in other studies. [7] [8] [9] With measurements in the urine of objective markers of protein intake, only cross-cultural data of the INTERSALT Study are available. 10 They indicate an inverse relation of protein intake to blood pressure in 10 020 men and women from 52 population-based samples in 32 countries worldwide, including non-industrialised countries with low prevalence of hypertension. Data of that study also confirm that urinary urea, the main catabolite of dietary protein, 11 is a suitable marker of total-ie, animal plus vegetable-protein. In fact, urinary urea accounted for about 80% of urinary nitrogen, was highly related to urinary nitrogen, and inversely related to blood pressure the same as urinary nitrogen was.
The inverse relation of urinary urea to blood pressure has not been confirmed so far. Moreover, research data are not available on the possible mechanisms underlying such a relationship. 12 In man, protein intake induces a complex stimulation of renal function that includes an increase in glomerular filtration rate and an acute acceleration of sodium (Na) excretion. [13] [14] [15] Thus, the relation between dietary protein and blood pressure might be also due to mechanisms linking protein intake to renal function and Na excretion. The present analysis was designed to confirm in a homogeneous sample of a western population the inverse association of urinary urea with blood pressure and to investigate the possible role in the association of renal function and Na excretion.
Previous papers describe the aims of the Gubbio Population Study, response rates, responders and non-responders, time of first and second examinations. [16] [17] [18] [19] [20] [21] The analysis is based on data collected in the second examination of the Gubbio Population Study. The target cohort was participants aged 25-74 years (1731 men and 2042 women). Twenty-six persons were excluded owing to missing data for some variables, 42 due to high plasma creatinine (у133 mol/l). 22 Thus, the study cohort was 1700 men and 2005 women.
Participants underwent the collection of overnight urine, the withdrawal of blood samples, and a medical examination. For overnight urine, the following written instructions were given: before dinner, urinate, discard urine and write down time of the before-dinner void; after dinner, write down time of the end of the dinner, collect accurately all urine throughout the night, and do not eat any food; at wake-up, complete urine collection with first voided urine (included), write down time of the wake-up void, and continue to fast. Venous blood samples were collected under fasting conditions early in the morning, after completion of overnight urine collection. The medical examination took place 3-5 days after collection of urine and blood samples. Participants were asked to refrain from eating, smoking, and strenuous exercise in the 2 hours before the examination. Data were collected on gender, age, weight, height, medical history, blood pressure, use of medications, antihypertensive treatment (pharmacological and non-pharmacological), use of vitamin or mineral supplements, habitual physical activity (at work and during sport practice or leisure-time), smoking habit, and average alcohol intake (at time of examination and in the past). Blood pressure was measured by trained medical doctors with use of mercury sphygmomanometers and cuffs of appropriate size. Three consecutive determinations of blood pressure and heart rate were performed with the participant in the sitting position, the first one after a 5-min rest after application of the cuff. The mean of the last two measurements was used in analyses.
Automated procedures were used for measurements of urea and other variables in plasma and urine. [16] [17] [18] [19] [20] Sodium-lithium countertransport in red blood cells (Na/Li-CT) was measured as reported. 16 Coefficient of variation was measured in 10% of blind duplicate samples; for urinary and plasma variables, the coefficient was Ͻ5% of the average in duplicates.
Duration of overnight collection was calculated as the interval from the before-dinner void to the wakeup void. Urine flow was calculated as urine volume/duration of collection; urinary excretion of a given substance as its urinary concentration × urine flow. Creatinine clearance was calculated as urinary creatinine excretion rate/plasma creatinine; it was expressed per 1.73 m 2 of body surface area (BSA) and used as control for differences in glomerular filtration rate. 20 [17] [18] [19] [20] Previous studies show that urea in partial urine collections is a reliable index of 24-h urinary urea. [23] [24] [25] [26] [27] [28] For urinary urea, special analyses were done on correlation with urinary total nitrogen and daily variability (see Appendix). Table 1 shows descriptive statistics for variables measured in overnight urine, age, anthropometry, physical activity, alcohol intake, smoking, and blood pressure status. Overnight urinary urea excretion (urinary urea) was positively skewed in men and women (skewness/SE ratio Ͼ2). Thus, it was logarithm (log) transformed in correlation and regression analyses: mean ± s.d. of log urinary urea was 1.17 ± 0.17 mmol/h (men and women combined). Mean ± s.d. of log alcohol intake was 0.96 ± 0.71 g/day; mean ± s.d. of log cigarettes/day was 0.32 ± 0.51. Among treated hypertensives (men and women combined), 144 were on treatment with diuretics (ie, thiazides and related agents, loop diuretics, potassium-sparing diuretics), 127 on inhibitors of angiotensin-converting enzyme, 113 persons on calcium-channel blockers, and 59 on beta-blockers. Among untreated hypertensives, 481 were with stage 1 hypertension, 126 with stage 2 hypertension, and 20 with stage 3 hypertension. Mean ± s.d. in men and women combined was 5.99 ± 1.35 mmol/l for plasma urea, 85.7 ± 13.7 mol/l for plasma creatinine, 141.5 ± 2.6 mmol/l for plasma Na. Descriptive statistics for Na/Li-CT, plasma lipids, and glucose were similar to reported data. 20 Prevalence of previous diagnosis of diabetes mellitus was 5.4%. Prevalence of vitamin or mineral supplementation was Ͻ1%, hence not used in analysis.
Results

Descriptive statistics and univariate correlation analyses
For log urinary urea, univariate correlation coefficients (r) were in both sexes consistently positive and significant with all variables measured in overnight urine including creatinine clearance (range of r = +0.261 − +0.400, P Ͻ 0.001), with weight and related variables (ie, BMI, and BSA, range of r = +0.168 − +0.293, P Ͻ 0.001), with physical activity at work (men and women, r = +0.106 and +0.114, P Ͻ 0.001), and with plasma urea (men and women, r = +0.240 and +0.195, P Ͻ 0.001). Coefficients of log urinary urea were in both sexes consistently negative and significant with log cigarettes/day (r = −0.073 and −0.102, P Ͻ 0.01) and plasma Na (r = −0.093 and −0.065, P Ͻ 0.005). Coefficients of log urinary urea with age, physical activity during leisure-time or sport, and log alcohol intake were either not significant, or not consistent in both sexes. Findings were similar with use of non-transformed urinary urea (not shown).
Overnight urinary urea excretion and blood pressure status
Univariate analyses: Coefficients of log urinary urea with blood pressure and hypertension were weakly positive and not consistently significant. Correlation coefficients with SBP were not significant in both sexes (r Ͻ +0.037), with DBP significant in women (r = +0.059, P = 0.008) not in men (r = +0.028). Logistic regression coefficients of log urinary urea with hypertension were not significant in both sexes (not shown). Findings were similar without inclusion in analyses of treated hypertensives.
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Multivariate analyses: Table 2 shows multivariate regression coefficients of log urinary urea and other variables to SBP (linear model) and to hypertension (logistic model) for the whole study cohort (ie, men and women combined with inclusion of treated hypertensives). Coefficients of log urinary urea were consistently and significantly negative with SBP and hypertension. Coefficients of log urinary urea were similarly negative in separate analyses for men and women with SBP (linear coefficients = −5.07 and −5.84, P Ͻ 0.05) and with hypertension (logistic coefficients = −0.612 and −0.841, P Ͻ 0.10).
In analyses with inclusion of treated hypertensives, coefficients of log urinary urea could shift toward negative values due to low renal urea excretion secondary to antihypertensive drugs. This was not the case since urinary urea in treated hypertensives was higher than in untreated hypertensives in men (18.2 and 16.7 mmol/h) and women (15.6 and 15.4 mmol/h); findings were similar for subgroups of hypertensives on treatment with specific classes of drugs (not shown). In keeping with this evidence, in analyses without inclusion of treated hypertensives, multivariate coefficients of log urinary urea were negative and similar to data in Table 2 for SBP (men and women combined; linear coefficient = −4.81, P = 0.028) and hypertension (logistic coefficient = −1.017, P = 0.004). Similarly to data in Table 2 , multivariate coefficients of urinary urea to SBP and hypertension were significantly inverse (not shown) also in additional analyses with use of non-transformed urinary urea, or with control for diabetes mellitus and other variables here not reported (Na/Li-CT, plasma lipids and glucose), or with exclusion of the 944 aware hypertensives. In a multivariate linear model with DBP instead of SBP as dependent variable, the coefficient of log urinary urea was negative, not significant (men and women combined = −0.45, P = 0.687). In a multivariate linear model with inclusion only of hypertensives and with hypertension stage as dependent variable (stage 1 to 3 as per JNC VI classification), the coefficient of log urinary urea was significantly negative (men and women combined = −0.378, P = 0.047).
On the basis of data in Table 2 for men and women combined, 6.5 mmol/h higher urinary urea was related to 4.25 mm Hg lower SBP (95% CI = 1.34 -8.49) and to 0.65 lower risk of hypertension (95% CI = 0.34 -0.87).
Contrast between univariate and multivariate analyses
Role of BMI: Coefficients for the relation of log urinary urea to SBP and hypertension were different between univariate (not significantly positive) and multivariate analyses (significantly negative). Previous data indicated that the control for BMI was the procedure responsible for the shift from positive (univariate) to negative (multivariate) coefficients. 10 The confounding of BMI on the relation of urinary urea to blood pressure status could be due to correlation in both sexes of BMI with blood pressure (r Ͼ +0.252, P Ͻ 0.001) and log urinary urea (r Ͼ +0.167, P Ͻ 0.001). To further investigate this point, a set of analyses on the relation of log urinary urea with blood pressure or hypertension was repeated with control only for BMI.
Regression analyses:
With control only for BMI, regression coefficients of log urinary urea to SBP and hypertension were consistently negative as in Table 2 . With SBP, coefficients were significant in both sexes (linear coefficient = −6.78 and −9.38, P Ͻ 0.01); with DBP, significant in women (−2.85, P = 0.048) not in men (−1.40); with hypertension, significant in both sexes (logistic coefficient = −0.893 and −1.311, P Ͻ 0.01). Findings were similar with exclusion of treated hypertensives (not shown).
Analyses by group of urinary urea with control for stratum of BMI:
The study cohort was divided in three groups with different urinary urea and similar BMI to analyse the relation of urinary urea to blood pressure and hypertension without the confounding of BMI and without statistical adjustments. The three groups were selected by definition of tertiles of urinary urea separately for the following six strata of BMI (kg/m 2 ): Ͻ22.0, 22.0-23.9, 24.0-25.9, 26.0-27.9, 28.0-29.9, and у30.0. Table 3 reports nonadjusted data for the three groups. As expected due to definition criteria, the three groups had progressively higher urinary urea and similar BMI. Blood pressure, both SBP and DBP, and prevalence of hypertension were significantly different and progressively lower across the groups. For men and women combined, risk of hypertension in group 3 compared with 1 was 0.66 (95% CI = 0.56-0.78). Findings were similar in separate analyses for men (risk of hypertension = 0.60, 95% CI = 0.47-0.78) and women (risk = 0.71, 95% CI = 0.57-0.89) and with exclusion of treated hypertensives (not shown). Also, Table 3 shows a highly significant, positive trend for plasma urea across the groups. 
Overnight urinary Na excretion and relation of urinary urea to blood pressure status
The existence of an interaction of urinary Na with the relation between urinary urea and SBP was investigated by repetition of the multivariate model shown in Table 2 for SBP (men and women combined) with the inclusion of an additional variable calculated as the product of overnight urinary Na × log urinary urea. 29 The multivariate coefficient of the variable was significantly inverse (−0.94, P = 0.009) indicating that the inverse relation of urinary urea to SBP was significantly stronger in persons with higher urinary Na. The test for interaction was significant also with exclusion of treated hypertensives (−0.87, P = 0.021). For other variables, the test of interaction was not significant in any analysis (P Ͼ 0.4).
For further analyses on the interaction of urinary Na with relation between urinary urea and blood pressure, the study cohort was divided in tertiles of urinary Na. Mean ± s.d. of urinary Na was 3.39 ± 0.99 mmol/h in tertile 1 (n = 565 men and 668 women), 6.16 ± 1.04 mmol/h in tertile 2 (n = 568 men and 668 women), and 11.32 ± 3.51 mmol/h in tertile 3 (n = 567 men and 669 women). Multivariate regression analyses shown in Table 2 were repeated in the three tertiles of urinary Na, separately. With control for other variables, the multivariate linear regression coefficient of log urinary urea to SBP was not significant in tertile 1 (men and women combined, −1.51, P = 0.613), borderline significant in tertile 2 (−5.48, P = 0.107), significant in tertile 3 (−10.28, P = 0.002). With control for other variables, the multivariate logistic regression coefficient of log urinary urea to hypertension was not significant in tertile 1 (men and women combined, −0.20, P = 0.720) and tertile 2 (−0.76, P = 0.169), significant in tertile 3 (−1.21, P = 0.014). For either SBP and hypertension, findings were similar with exclusion of treated hypertensives (not shown). Figure 1 shows that the decline in the prevalence of hypertension among the three groups of urinary urea shown for the whole study cohort in Table 3 was significantly different among tertiles of urinary Na. In 2 analysis, the test for a linear trend in prevalence of hypertension across urea groups was not significant in tertile 1 (P = 0.129), significant in tertiles 2 and 3 (P Ͻ 0.001). Across the groups of urinary Figure 1 Percent prevalence of hypertension for men and women combined by groups of urinary urea and tertiles of urinary sodium (1 = ᮀ, 2 = a, 3 = ). Groups of urinary urea were defined by tertile analysis of overnight urinary urea in six separate strata of body mass index (kg/m 2 . Ͻ22.0, 22.0-23.9, 24.0-25.9, 26.0-27.9, 28.0-29.9, у30.0) and are described in Table 3 . Number of persons per urea group varies among tertiles due to correlation between urinary urea and sodium (men and women, r = +0.400 and +0.379); from urea group 1 to 3, number of persons ranges from 634 to 199 in tertile 1, from 389 to 397 in tertile 2, from 209 to 637 in tertile 3.
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urea, risk of hypertension in group 3 compared with 1 was 0.90 in tertile 1 of urinary Na (95% CI = 0.64 -1.28), 0.49 in tertile 2 (95% CI = 0.36-0.67), and 0.33 in tertile 3 (95% CI = 0.24 -0.46). Findings were similar with exclusion of treated hypertensives (not shown).
Discussion
This study confirms the existence in the adult population of an inverse relationship to blood pressure of protein intake as measured by timed overnight urinary urea excretion. At variance with the INTERSALT Study, 10 the present study cohort was a homogeneous sample of a western population with high prevalence of hypertension and of drug treatment among hypertensives. The relation was also significant for hypertension and its severity, independent of several variables. The list of confounders included variables not previously investigated and correlated with urinary urea and/or blood pressure status, ie, physical activity, smoking, awareness of hypertension, antihypertensive drug treatment, and glomerular filtration rate. The relation of urinary urea to blood pressure was inverse only in analyses with control for BMI, a trait that was related to urinary urea and blood pressure. Non-adjusted analyses in groups with progressively higher urinary urea and similar BMI showed that the relation of urinary urea to blood pressure was not an artefact due to statistical adjustments. A novel finding was the interaction of urinary Na excretion with the relation of urinary urea to blood pressure status. With use of various statistical procedures the study shows that the relation between urinary urea and blood pressure was significant only in persons with urinary Na excretion in the high part of the distribution.
Urea is the main catabolite of dietary protein.
11
Urinary urea excretion increases about 2 h after protein ingestion 11 and accounts for the bulk of nitrogen excretion. 10, 11, 30, 31 Data in the Appendix confirm that urinary urea precisely reflects urinary nitrogen, considered the objective measure of protein intake. [30] [31] [32] For urea and other markers of protein intake, data in partial urine samples reflect data in 24-h urine. [23] [24] [25] [26] [27] [28] Nevertheless, the use of overnight collection certainly implied some misclassification owing to lack of data on urea excretion after breakfast and/or lunch. The use of overnight instead of 24-h urine does not appear to have affected the data to a major degree since present findings are similar to data reported with use of 24-h urine. 10 Moreover, the difference in urinary urea between overnight and 24-h collections did not relate to blood pressure and was similar in hypertensive and non-hypertensive persons (Appendix). Another confounder for the present data could be a circadian rhythm in urea excretion. 33 The relation of overnight urinary urea with plasma urea supports the view that overnight urinary urea reflected the after-dinner generation of urea rather than a circadian rhythm, otherwise persons with high overnight urinary urea could not have high plasma urea in the morning. Data in the Appendix indicate that an important confounder for the present results could be the daily variability in overnight urinary urea. This variability, which reflects variability in protein intake of persons on free diet, 30 implied that the precision of a single measurement as index of the habitual value (Appendix) was high for groups (difference between means of two separate collections Ͻ1%), low for individuals (r = 0.411). Previous data show that the relation of 24-h urinary urea to blood pressure was underestimated with use of a single urine sample. 10 For urinary urea, daily variability in overnight collections (Appendix) is similar to that reported for 24-h collection. 10 Thus, it is likely that in the present study the use of a single overnight sample might have weakened rather than strengthened findings for the relation between urinary urea and blood pressure, as generally observed for other urinary markers. 34 The mechanisms underlying the relation between urinary urea (ie, dietary protein) and blood pressure are hypothetical at present. The relation could not be explained by changes in dietary habits secondary to diagnosis of hypertension since findings were also significant with exclusion from analyses of aware hypertensives, in whom changes in the habitual diet secondary to hypertension should have little or no role. The specific interaction of urinary Na excretion points to a role for Na in the mechanism(s) linking urinary urea (protein intake) to blood pressure. Findings of correlation analyses indicated that urinary urea was related directly with urinary Na and inversely with plasma Na. This picture-the combination between a direct relation to urinary excretion and an inverse relation to plasma concentration-suggests that urinary urea (protein intake) may contribute to the regulation of Na homeostasis via an effect on the renal natriuretic capacity. In support of this possibility there are several studies showing that in man the intake of protein stimulates natriuresis together with other renal responses. [13] [14] [15] Urea generated after protein intake may have a direct role in this stimulation due to its diuretic and natriuretic properties. 35, 36 As reported in rats, 37 the protein-induced natriuretic effect might counteract, acutely or chronically, the tendency toward high blood pressure secondary to high salt intake. The present observation that findings for the relation of urinary urea to blood pressure were more significant for SBP than DBP is in keeping with this hypothesis since SBP is more volume-sensitive than DBP. Other mechanisms cannot be excluded.
As to other variables in the study, the data confirm the association of BMI, an index of calorie balance, with blood pressure and hypertension. For overnight urinary Na excretion, findings were significant in the association with hypertension not with blood pressure. The discrepancy could be due to several factors: low precision with use of a single overnight urine collection, 34 differences in the nocturnal urinary Na excretion secondary to blood pressure status, 38 a non-linear relation of urinary Na to blood pressure. For alcohol, changes secondary to previous diagnosis of hypertension had certainly diluted the relation with blood pressure reported in the Gubbio cohort: 16, 17 in fact, findings were significant with exclusion of aware hypertensives (not shown).
For urinary urea, practical implications of present data are speculative. The results support the idea that hypertension is favoured by low protein intake. The standard estimate of protein intake is based on the conversion of urinary total nitrogen (g) to dietary protein (g) with use of the multiplier 6.25. 30, 32 The conversion from mmol to g and the correction for 0.466 (the ratio of two nitrogen/urea molecular weight) indicated that the mean ± s.d. of urinary urea in men and women of the present study cohort was equivalent to 0.46 ± 0.18 g/h of urea nitrogen. With extrapolation of these values to 24-h and with use of the multiplier 6.25, the estimate for protein intake was 68.8 ± 27.0 g/24 h. Two data in the Appendix indicate that, in these calculations, the error due to use of urea nitrogen instead of total nitrogen was minor. First, the correlation coefficient between urea nitrogen and total nitrogen was very high (r Ͼ 0.98) as in previous data. 10 Second, the overestimate due to use of overnight instead of 24-h collection compensated the underestimate due to measure of urea nitrogen instead of total nitrogen. With use of the estimate of protein intake, a difference of 27 g/24 h in protein intake (equivalent to one s.d. of urinary urea) was related to a difference of 4.25 mm Hg in SBP and of 35% in the risk of hypertension. If other studies will confirm this finding, low protein intake should be avoided to prevent and control hypertension. Such a conclusion is in keeping with results of a trial where blood pressure was reduced by a multiple intervention including an increase in protein intake of about 0.2 g/kg of body weight. 39 In summary, the study confirms that in adults there is an inverse relation to blood pressure of urinary urea, an index of the intake of total, ie, vegetable and animal, protein. Also, the study shows that the relation of urinary urea and blood pressure is different in persons with urinary Na excretion in the low and high part of the distribution. The hypothesis is put forward that high protein intake could counteract sodium-dependent blood pressure rise via stimulation of renal sodium excretion.
